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Sex is sometimes thought to be an independent modulator of cutaneous vasomotor and sudomotor function during heat exposure. Nevertheless, it was hypothesized that, when assessed during compensable exercise that evoked equal heat-loss requirements across participants, sex differences in those thermoeffectors would be explained by variations in the ratio between body surface area and mass (specific surface area). To evaluate that possibility, vasomotor and sudomotor functions were assessed in 60 individuals (36 men and 24 women) with widely varying (overlapping) specific surface areas (range, 232.3-292.7 and 241.2-303.1 cm 2 kg −1 , respectively). Subjects completed two trials in compensable conditions (28°C, 36% relative humidity) involving rest (20 min) and steady-state cycling (45 min) at fixed, area-specific metabolic heat-production rates (light, ß135 W m −2 ; moderate, ß200 W m −2 ). Equivalent heat-loss requirements and mean body temperature changes were evoked across participants. Forearm blood flow and vascular conductance were positively related to specific surface area during light work in men (r = 0.67 and r = 0.66, respectively; both P < 0.05) and during both exercise intensities in women (light, r = 0.57 and r = 0.69; and moderate, r = 0.64 and r = 0.68; all P < 0.05). Whole-body and local sweat rates were negatively related to that ratio (correlation coefficient range, −0.33 to −0.62; all P < 0.05) during both work rates in men and women. Those relationships accounted for 10-48% of inter-individual thermoeffector variance (P < 0.05). Furthermore, after accounting for morphological differences, sex explained no more than 5% of that variability (P < 0.05). It was concluded that, when assessed during compensable
Introduction
Following a recent series of reviews on sex-related issues in Experimental Physiology (volume 101, issue 2) and an earlier, unresolved debate on the sex dependence of human thermoregulation (Ichinose-Kuwahara et al. 2010; Ichinose-Kuwahara & Inoue, 2011; Schwiening et al. 2011) , it is both timely and essential to comprehensively reconsider the morphological dependence of thermoeffector function in men and women. Indeed, numerous investigators have observed sex differences in the autonomically driven avenues for heat loss (cutaneous vasomotion and sudomotion) during heat exposure (Shapiro et al. 1980; Inoue et al. 2005; Ichinose-Kuwahara et al. 2010; Gagnon & Kenny, 2012a) . Although those differences are often thought to be sex dependent (Stephenson & Kolka, 1993; Gagnon & Kenny, 2012b) , others have suggested that variance may be related to differences in the ratio between body surface area and mass (specific surface area; Burse, 1979; Havenith & van Middendorp, 1990) . That ratio is a key determinant of passive heat exchange and heat storage in all objects, including humans (Wyndham et al. 1964; Docherty et al. 1986; Rowland, 2008; , and has recently been shown to be a significant predictor of cutaneous vascular and sweating responses in men during thermally compensable exercise eliciting matched mean body temperature changes across participants . In that research, smaller individuals with a higher specific surface area for dry-heat exchange were more dependent on the vasomotor pathway, whereas larger individuals (lower specific surface area) were obliged to be more reliant on the sweating mechanism. Therefore, it is possible that, when assessed in a morphologically diverse sample of men and women in similar compensable conditions, morphological dependence might provide a physical rather than a sex-dependent mechanism through which to explain differences in these thermoeffector responses. Accordingly, the focus of this investigation was to evaluate that possibility, as a natural extension of our previous work with men .
Although several investigators have observed similar thermoregulatory responses in men and women after considering morphological differences Shapiro et al. 1980; Havenith & van Middendorp, 1990; Havenith et al. 1995; McLellan, 1998) , those studies involved only a small number of women, who did not span the body-size range required for a thorough evaluation of the morphological dependence of vasomotor and sudomotor responses. Moreover, those participants often differed considerably from the male subjects in other factors that might influence thermoregulatory function (e.g. age, adiposity, endurance fitness). Although one group controlled for that variability using statistical procedures (Havenith & van Middendorp, 1990; Havenith et al. 1995) , whereas others assessed men and women with similar secondary characteristics Shapiro et al. 1980; McLellan, 1998) , all participants in those experiments were required to exercise at either the same fixed absolute or relative work rates. Unfortunately, such work intensities elicit differences in metabolic heat production and, therefore, the total heat-loss requirement, and they also evoke inconsistent body temperature changes among individuals of differing body size and aerobic fitness (Gagnon et al. 2008 (Gagnon et al. , 2009 Schwiening et al. 2011; Jay, 2014) . Consequently, it remained uncertain whether sex differences in thermoeffector function were explained by morphological differences or simply by variations in thermoafferent drive across participants.
More recently, one group examined men and women in hot, dry conditions during exercise eliciting matched heat-loss requirements (direct calorimetry; Gagnon et al. 2009; Gagnon & Kenny, 2011 , 2012a . However, those studies did not involve men and women spanning the body-size range required for an unequivocal evaluation of morphological dependence, and sex independence, of the thermoeffector responses. Indeed, those subjects represented only a small range within the widely variable morphology of the adult population. Therefore, it was necessary to simultaneously assess cutaneous vasomotor and sudomotor responses in a morphologically diverse, yet overlapping, sample of men and women during exercise that would evoke equivalent heat-loss requirements, as well as equivalent mean body temperature changes across all participants, permitting those responses to be quantified in the presence of matched thermoafferent flow (Jessen, 1981; Gordon et al. 2004; Cotter & Taylor, 2005) . To our knowledge, no previous investigators have used such a design.
The objective of this experiment, therefore, was to evaluate the dependence of vasomotor and sudomotor functions on sex and morphology. Firstly, it was hypothesized that vasomotor activity would be greater in smaller individuals, who also possess a higher specific surface area for dry-heat exchange, whereas larger subjects (lower specific surface area) would be forced to rely more heavily on the sweating mechanism. It was also anticipated that the capacity of the cutaneous vasomotor-mediated, heat-loss mechanism would increase with increments in specific surface area in both men and women, whilst the sudomotor contribution would be simultaneously reduced. Finally, it was expected that, after considering morphological variations, using either statistical procedures or by comparing men and women with similar specific surface areas, sex would not be a significant determinant of those thermoeffectors. To evaluate these hypotheses, both effector responses were assessed in morphologically diverse groups of men and women, and also in male and female subgroups with matched morphological characteristics, whilst controlling for differences in secondary factors that influence thermoeffector activation. Participants performed two levels of compensable, steady-state exercise (cycling) at fixed, area-specific metabolic heat-production rates. These work rates were designed to elicit matched (clamped) mean body temperature changes across participants, so that effector responses could be assessed in the presence of equivalent thermoafferent flow.
Methods

Ethical approval
The procedures for this research were approved by the Human Research Ethics Committee (University of Wollongong; approval number HE13/436) in accordance with the regulations of the National Health and Medical Research Council (Australia), and in compliance with the Declaration of Helsinki. All participants provided written, informed consent.
Subjects
Sixty young, physically active and healthy, but not heat-adapted, adults of varying and overlapping body sizes (36 men and 24 women) participated in this study (Table 1) . Data from the male group have been reported in detail elsewhere , and are presented in the present study in combination with a female sample. Subjects were first recruited from a large student population, and then selected on the basis of morphological configuration, so that they represented a broad range and even distribution of specific surface areas (Fig. 1A) . The first selection criterion was an experimental design strategy aimed at reducing the variation in adiposity within each group, with an inclusion threshold for the height-adjusted sum of skinfold thicknesses being <88 mm (men) and <116 mm (women; Ross & Marfell-Jones, 1991) . This represented the 60th percentile for the corresponding age-and sex-specific Caucasian population (Bailey et al. 1982) . To minimize influences of age and endurance training (design strategies), selection was restricted to individuals <30 years old who routinely performed aerobic exercise >3 h per week. To minimize the influence of differences in hormonal status across the menstrual cycle, female participants performed these trials within the first 10 (n = 17) or 14 days (n = 1) after the onset of their self-reported menses. Women taking oral contraceptives (n = 6) completed the study during the no-pill (placebo) phase. With that exception, subjects were not taking any medication. All were non-smokers without a history of either cardiovascular or thermal illness. From these independent samples, two subgroups (eight men and eight women), matched for age, body mass, height, surface area and specific surface area (Table 1) , were extracted for additional analyses. This provided five subject groups for analysis: men (n = 36), women (n = 24), a mixed-sex or combined group (n = 60) and two matched subgroups (n = 8 per group).
Procedures
The experimental procedures were a replication of those used previously , with subtle differences noted below and with cross-references provided for the provision of additional details. Testing commenced in October (southern hemisphere spring) and was performed over the next 12 months in a temperate, coastal climate. On separate days, fully hydrated participants completed two exercise trials (semi-recumbent cycling), dressed in cotton shorts, socks and sports shoes. Women also wore a torso garment [singlet top provided by the laboratory (n = 20) or sports bra (n = 4)], which differed across participants for reasons of modesty. After a preparatory period, subjects entered a climate chamber (28°C, 36% relative humidity) with limited air movement (<0.5 m s −1 ). These conditions were chosen to ensure that thermal and water-vapour pressure gradients existed between the skin surface and air that permitted both dry-and evaporative heat dissipation. This was important, because it ensured that thermoeffector recruitment was not dictated by environmental, but by physiological influences.
Each trial commenced with seated rest (mesh-lined chair; 20 min) in a semi-recumbent position behind an electronically braked cycle ergometer (Excalibur Sport; Lode BV, Groningen, The Netherlands). Subjects then cycled at a constant frequency (60 rev.min −1 ) for 45 min at equivalent, normalized external work rates. In a balanced order, subjects exercised at ß135 (light) or ß200 W m −2 (moderate) at the same time, but on different days (separated by at least 48 h). Those work rates approximated 25.5 (SD 4.2) and 48.6% (SD 6.9) of the peak oxygen consumption for these men, and 32.2 (SD 6.0) and 63.8% (SD 13.4) for the women. Data are means (SD). Significant between-group differences are indicated by the symbols ( * P < 0.05). a The sums of six skinfold thicknesses (triceps, subscapular, supraspinale, abdominal, thigh and calf) were scaled to a common stature (170.18 cm) to derive height-adjusted data (Ross & Wilson, 1974) . b Peak oxygen consumption scores were scaled per unit of body mass raised to the exponent of 0.87 (after Weibel et al. 2004; see main text) . c External work, metabolic heat production, dry-heat loss and the evaporative heat loss requirement during moderate work were not determined in some participants because of abnormal physiological responses (n = 2 females) or because that trial was not completed successfully (n = 1 male). d Data from the male subjects have been reported elsewhere .
The implication of those differences in the relative work rates is that physiological strain differed at the higher intensity. Non-weight-bearing exercise was used to minimize differences in heat production associated with variations in body mass. Work intensities were referenced to the body surface area of each participant (area-specific work rate), as that approach was found to be most effective for yielding equivalent changes in mean body temperature within morphologically diverse individuals . The external work rates required to elicit those metabolic heat-production rates were initially approximated from the relationship between oxygen consumption and external work during an incremental exercise test performed before experimentation, and were fine-tuned during each trial from calculations performed at 2-min intervals. This standardization ensured that each participant was required to dissipate heat in proportion to his or her skin surface area, and it also resulted in equivalently elevated mean body temperatures that were then held constant over the last 5 min of exercise (clamped; Fig. 1B ). The only exceptions were two women, who displayed mean body temperature changes during the heavier (moderate) exercise intensity that exceeded the female group mean (0.5 ± 0.0°C) by more than three SD (F11, 1.2°C; and F13, 1.4°C). Given that it was essential that temperature changes were matched across subjects, data from those individuals were excluded from analyses performed at that work rate, as were data from one man who failed to complete that trial. This provided three experimental conditions (rest within each trial plus two exercise intensities), with all 60 individuals completing trial one (light work) and 57 (35 men and 22 women) successfully completing trial two. The lighter work rate was chosen, in combination with the ambient conditions, to provide a compensable thermal state where vasomotor-mediated, dry-heat losses and evaporative cooling could satisfy ß40 and ß60% of the total heat-loss requirement, respectively. The moderate intensity provided conditions in which evaporative cooling would form a greater proportion (ß75%) of the total heat-loss requirement. Thus, if the modulation of either effector was morphologically or sex A, variations in the specific surface area (in square centimetres per kilogram) of the male (black, shaded symbols; n = 36) and female participants (grey, open symbols; n = 24) within this experiment, arranged in descending order. B, mean body temperature changes for the male (black lines and symbols) and female subject groups (grey lines and symbols) during exercise (45 min) performed at fixed, area-specific metabolic heat-production rates of either ß135 (light work; open symbols) or ß200 W m −2 (moderate-intensity cycling; shaded symbols) that followed a resting, thermal equilibration period (20 min) in a warm, dry environment (28°C, 36% relative humidity). Data are presented as average response curves (sampled at 15-s intervals) with means and SEM provided at 5-min intervals. Fluids were consumed at ß20 min (dotted vertical line). Vasomotor and sudomotor data were collected between 40 and 45 min (shaded zone). dependent, this design would allow that association to be identified. Nonetheless, the observations that follow relate only to physiologically compensable and load-supported exercise (cycling) undertaken in warm, and somewhat dry conditions. Preliminary session. Before the first trial, all subjects completed a familiarization session, a posture-matched graded exercise test to volitional fatigue and an anthropometric assessment. Incremental exercise involved semi-recumbent cycling (75 rev.min −1 ; Excalibur Sport; Lode BV), commencing with a warm-up (2 min), followed by a ramp increase in work rate (36 W min −1 ) to volitional fatigue. Expired respiratory gases and volumes were used to derive peak oxygen consumption (TrueOne 2400; ParvoMedics Inc., Sandy, UT, USA). As that value has an allometric relationship with body mass (Taylor et al. 1981; Nevill et al. 1992) , the resulting data were normalized as a power function of body mass (millilitres per kilogram raised to the exponent of 0.87 per minute; Weibel et al. 2004) .
Body surface area was derived (DuBois & DuBois, 1916) from measures of body mass (fw-150k; A&D Engineering, San Jose, CA, USA) and height (Harpenden Stadiometer; Holtain Ltd, Crymych, UK). Adiposity was evaluated from absolute and height-adjusted skinfold thicknesses ( Table 1 ). Given that individuals with an identical total skinfold thickness but who differ in stature will have a different relative adiposity, the skinfold indices must be adjusted for stature to remove the size bias when used in diverse population samples (Ross & Marfell-Jones, 1991) . Median skinfold thicknesses were taken from triplicate measurements (Eiken skinfold caliper; Meikosha, Tokyo, Japan) at six locations (triceps, subscapular, supraspinale, abdominal, thigh and calf) and summed. The resulting data were adjusted to a common stature (170.18 cm), yielding height-adjusted data [170.18/height × (sum of six skinfolds); Ross & Wilson, 1974] .
Standardization. The ambient conditions were identical and stable within and among trials. Subjects acted as their own controls and were instructed to refrain from strenuous exercise and the consumption of alcohol during the 12 h period before each trial. Dietary and drinking recommendations were provided, and the participants were instructed to drink 15 ml kg −1 of additional water on the night before testing, and to eat an evening meal and breakfast high in carbohydrate and low in fat. They were asked to drink a further 500 ml of fluid with breakfast and to refrain from caffeine for 2 h before presentation, ensuring caffeine abstinence for >5 h before data collection.
On presentation, an isotonic drink was provided (10 ml kg −1 ; sodium chloride concentration, 40-45 mmol l −1 ), and urine specific gravity was S. R. Notley and others measured (Clinical Refractometer no. 140; Shibuya Optical Co., Tokyo, Japan) to confirm adequate hydration. Across subjects, the mean pre-exposure urine specific gravity was 1.019 (0.01) and 1.018 (0.01) for the light-and moderate-work trials, respectively. To maintain a standardized hydration state, subjects consumed 4 ml kg −1 of isotonic drink, served at chamber temperature (28°C), ß20 min before the experimental data collection (Fig. 1B) .
Measurements
Ambient conditions. A climate-controlled chamber with limited air movement (<0.5 m s −1 ) was used to regulate air temperature [28.1°C (SD 0.2)] and relative humidity [36.2% (SD 2.9); water vapour pressure, 1.4 kPa (SD 0.1)]. Radiant (black globe) temperature was monitored at the level of the subject (Type EU; Yellow Springs Instruments Co. Ltd, Yellow Springs, OH, USA) and was within 0.5°C of air temperature throughout all trials [28.5°C (SD 0.5)].
Deep-body and skin
temperatures. Deep-body temperature was measured from the auditory canal using an insulated, ear-moulded plug and thermistor (Edale Instruments Ltd, Longstanton, Cambridge, UK). This was positioned within the external auditory meatus, whilst the pinna was insulated with cotton wool. This method isolates the auditory canal from the ambient environment and thereby minimizes cutaneous thermal artefacts . Furthermore, these procedures permit that index to closely track oesophageal temperature within temperate conditions (25°C; Todd et al. 2014) , with a minimal baseline offset (0.05°C). Skin temperatures were measured from eight sites (forehead, chest, scapula, upper arm, dorsal forearm, dorsal hand, anterior thigh and calf; Type EU; Yellow Springs Instruments Co. Ltd). These thermal data were collected at 15-s intervals (1206 Series Squirrel; Grant Instruments (Cambridge) Ltd, Shepreth, UK), and all thermistors were calibrated against a certified reference thermometer (Dobros total immersion; Dobbie Instruments, Sydney, NSW, Australia). Mean skin temperature was derived using a weighted summation (ISO 9886, 1992) . Mean body temperature was estimated from the weighted sum of the deep-body (0.8) and mean skin temperatures (0.2; Hardy & DuBois, 1938) . It was assumed that weighting would provide an acceptable approximation of thermoafferent flow originating from deep-body and peripheral tissues, respectively, in a morphologically diverse, mixed-sex sample. Changes in mean body temperature were derived as the difference between values obtained in the final 5 min of exercise and those from the pre-exercise rest periods (Fig. 1B) .
Forearm blood flow and vascular conductance. Forearm blood flow was determined using a mercury-in-Silastic strain gauge placed at the widest girth of the right forearm (EC6 Plethysmograph; D.E. Hokanson Inc., Bellevue, WA, USA). Those data were used to represent skin blood flow within the non-glabrous regions; the majority of the skin surface. Venous return was occluded proximal to the elbow by inflating a blood-pressure cuff to 50 mmHg (SC12D cuff; D.E. Hokanson Inc.). Inflation was automatically controlled (AG 101 Cuff inflator air source and E20 rapid cuff inflator; D.E. Hokanson Inc.) and followed a cycle of 8 s inflated and 12 s deflated (3 cycles min −1 ). Data were collected for ß2.5 min during the final 5 min of each rest and exercise period. A wrist cuff was inflated to 20 mmHg above systolic blood pressure before data collection, to remove artefacts introduced by variations in hand blood flow. This was deflated after each measurement. It was assumed that, whilst venous-occlusion plethysmography detects blood flow changes within all vascular beds, those measurements would primarily reflect cutaneous flows within the non-glabrous skin of resting (Edholm et al. 1956; Detry et al. 1972 ) and exercising individuals (Johnson & Rowell, 1975) , provided the limb under investigation remained inactive. To minimize movement artefacts, and to position the limb above heart level, the arm was supported and stabilized at the wrist and upper arm using mesh slings. These were anchored and tensioned at four points to optimize comfort and minimize local pressure effects. To account for blood flow changes accompanying variations in blood pressure, forearm blood flow measurements were also expressed in conductance units, with mean arterial pressure measured immediately before the blood flow measurement (MD 777 dual head stethoscope and MDF 808 Calibra pro sphygmomanometer; MDF Instruments, Los Angeles, CA, USA).
Whole-body sweat rate. Body mass was measured before and after each rest and exercise period (±20 g; fw-150k; A&D Engineering) and used to determine mass changes, after adjusting for fluid replacement (ß20 min; Fig. 1B ). Whole-body sweat losses were approximated using standard corrections for respiratory and metabolic mass changes (Gagge & Gonzalez, 2011; Notley et al. 2016) , and normalized to the body surface area to minimize inter-individual variability. Given that the relationship between whole-body sweat loss and surface area was neither linear nor did it pass through zero, then to avoid measurement introducing bias (Tanner, 1949; Nevill et al. 1992) , the individual sweat losses were normalized using an adjusted regression procedure (eqn (1); Toth et al. 1993) , which, when reported as flows, yielded normalized sweat rates with the same units as the absolute whole-body sweat rate (in grams per hour). Not performing that correction can, however, result in an unrealistic association between sweating and morphological data. (1) where SR n is the normalized whole-body sweat loss (in grams); SR is the absolute whole-body sweat loss (in grams); b is the group regression slope between absolute, whole-body sweat loss and body surface area (in grams per square metre); A D is the individual body surface area (in square metres); A D,0 is the group mean body surface area (in square metres); and e i is a constant error term (in grams).
Local sweat rate. Four local sweat rates were measured throughout each trial [dorsal hand, dorsal forearm, upper back (scapula) and forehead], with these data analysed over the final 5 min of exercise. Sweat capsules (3.16 cm 2 ) were attached to the skin (Collodion USP; Mavidon Medical Products, Lake Worth, FL, USA) and ventilated with low-humidity air, obtained by passing room air over an enclosed, saturated, lithium chloride solution. The air pump and salt solution were located outside the chamber, and that air temperature was independently measured. Air gathered above that solution remains at 12% relative humidity across a wide range of air temperatures (Winston & Bates, 1960) , and it was pumped through each capsule at 600 ml min −1 through tubes long enough to guarantee thermal equilibration with chamber air. That airflow ensured the complete evaporation of sweat. Post-capsular air temperatures (thermistors) and humidities (capacitance hygrometers) were sampled downstream (1 m) as part of an integrated sweat monitor system (Clinical Engineering Solutions, Sydney, NSW, Australia). Those components were calibrated before experimentation and equilibrated with the desired temperature at least 30 min before experimentation. Data were sampled at 1-s intervals (DAS1602; Keithley Instruments, Inc., Cleveland, OH, USA) and used to derive local sweat rates (Taylor et al. 1997) . Owing to technical difficulties, local sweat rates were not determined in some women at the forearm (light work, n = 1; moderate work, n = 3), hand (light work, n = 1; moderate work, n = 3) and forehead (moderate work, n = 4).
Oxygen consumption and carbon dioxide production.
Expired respiratory gases and airflows were sampled and analysed continuously (TrueOne 2400; ParvoMedics Inc.), with data collection interrupted briefly (ß2 min) to obtain body-mass measurements and to consume fluids. Those data were used to derive oxygen consumption, carbon dioxide production and minute ventilation (15-s averages) that were, in turn, used to provide real-time modifications of the external work rate. The analysers were calibrated before each trial using alpha gas standards (15.97% oxygen, 4.03% carbon dioxide, balance nitrogen).
Indirectly derived heat production and the evaporative heat-loss requirement. Metabolic heat production and the evaporative heat-loss requirement were approximated using partitional calorimetry, and normalized to each individual's body surface area, unless stated otherwise. This involved the continuous, indirect derivation of metabolic rate, dry-heat exchange and heat exchanges from the respiratory tract throughout the exercising phase of each trial. The exercise duration was set to satisfy the steady-state requirements essential for these calculations to be valid ).
Metabolic heat production (H prod ) was determined as the difference between metabolic rate and the external work rate, with the latter manipulated to maintain a constant metabolic heat production for each participant (ß135 or ß200 W m −2 ). Metabolic rate (M) was approximated using eqn (2) (Nishi, 1981) , as follows:
(in watts per square metre) The evaporative heat-loss requirement was calculated as the difference between metabolic heat production and the sum of the dry-and respiratory-heat exchanges. Dry-heat exchanges (H dry ) were calculated from radiative and convective exchanges [eqn (3) (Nishi, 1981) and eqn (4) (Gagge & Gonzalez, 2011 )], as follows:
where h r is the radiative heat-transfer coefficient [eqn (4)] (in watts per square metre per kelvin); T sk is the mean skin temperature (in degrees celsius); T g is the mean radiant (black globe) temperature (in degrees celsius); T a is the air temperature (in degrees celsius); h c is the convective heat-transfer coefficient, taken as 5.476 W m −2 K −1 (in watts per square metre per kelvin); and: 
where ε is the emissivity of the body surface (assumed to be 0.95; non-dimensional); σ is the Stefan-Boltzmann S. R. Notley and others constant (5.67 × 10 −8 ; in watts per square metre per kelvin with exponent −4); and A r /A D is the ratio of the effective radiative area of the body (A r ) and body surface area (assumed to be 0.73; Fanger, 1972; non-dimensional) .
Convective (C res ) and evaporative (E res ) heat exchanges within the respiratory tract were derived from the metabolic heat-production rate, air temperature and the ambient water vapour pressure [P a , in kilopascals; eqn (5); Fanger, 1972] , as follows:
(in watts per square metre)
Design and analysis
This study was based on a two-factor, mixed design [metabolic heat production (rest and cycling at two intensities) and sex]. All data, with the exception of whole-body sweat rate, were averaged over the final 5 min of each rest and exercise period. Sex differences in subject characteristics and physiological responses were compared using Student's unpaired t tests. Individual differences in resting physiological responses between trials were evaluated using Student's paired t tests. Relationships between the physiological responses and variations in the specific surface area within the male [n = 36 (light work) and n = 35 (moderate work)], female [n = 24 (light work) and n = 22 (moderate work)] and combined subject groups [n = 60 (light work) and n = 57 (moderate work)] were assessed using Pearson's correlation coefficient and classified as being of a weak, moderate or strong effect size (r ࣘ 0.10, r = 0.3 and r ࣙ 0.5, respectively; Cohen, 1988) . Although it is possible that the relationship between thermoeffector function and specific surface area might more closely follow a disproportionate (allometric) relationship when assessed among individuals spanning a wider body-size range than the present sample (e.g. adults, adolescents and children), our preliminary analysis indicated that those relationships were linear in the adult population represented by the present sample. Hierarchical, multiple-linear regression analyses were performed on the thermoeffector responses displaying a significant morphological dependence within the combined group. Those analyses were aimed at teasing out the inter-individual thermoeffector variance that could be explained uniquely by either sex or specific surface area, after first accounting for differences in the design-controlled variables (height-adjusted sum of skinfolds, peak oxygen consumption and mean body temperature change). Three sequentially developed predictive models were used. Model one incorporated the three design-controlled variables only. For model two, those variables were combined with the specific surface area. In model three, sex was added as an independent variable using a binary code. Changes in the coefficients of determination (r 2 ) between models one and two represented the thermoeffector variance that could be independently explained by differences in the specific surface area, after first accounting for variations in the design-controlled variables. Coefficient differences between models two and three corresponded to the sex-dependent themoeffector variance, after accounting for the design-controlled variables and specific surface area. Changes in those coefficients between models one and two and between models two and three were compared using ANOVA. An a priori power analysis indicated that the minimal sample size required to detect coefficient changes between those models that were of a large effect size (Cohen's f 2 = 0.35), and with at least 80% statistical power, was 42 subjects (Cohen, 1988) . Therefore, the combined, mixed-sex sample [n = 60 (light work) and n = 57 (moderate work)] was adequately powered for those analyses (>80%) at the large effect-size level. Test assumptions of normality, linearity and homoscedasticity were determined by inspecting quantile-comparison, scatter and residual plots. Collinearity between independent variables, as assessed using the variance inflation factor, fell below 10 (range, 1.018-3.532) and confirmed that those independent variables were not highly correlated with one another (Belsley et al. 2005) .
Physiological responses within each exercise intensity were also compared between subgroups of men and women extracted from each larger sample, such that individuals were matched for morphological characteristics (Table 1 ; Student's unpaired t tests). This grouping was aimed at further identifying size-independent sex differences in thermoeffector function. Based on the effect size (Cohen's d = 2.00) for a 20% difference in sudomotor and vasomotor function with an SD of 10% between those groups (Inoue et al. 2005; Gagnon & Kenny, 2012a) , a minimum of six subjects per sample was required to detect this effect with at least 80% statistical power (Faul et al. 2007) . Therefore, these analyses were also adequately powered (>80%). The value of alpha was set at the 0.05 level for all statistical comparisons, with data reported as means and standard errors of the means (SEM), unless stated otherwise (SD).
Results
Subject characteristics
Both the male and female participants had pronounced variations in specific surface area (Table 1) , with an even distribution across individuals and extensive overlap between the sexes (Fig. 1A) . On average, the female group was shorter and lighter, had a lower surface area and peak aerobic power (Table 1; all P < 0.01), and a higher specific surface area (P = 0.02) and height-adjusted sum of skinfolds (P < 0.01). Separate male and female subgroups were extracted and matched for body mass (Table 1 ; P = 0.69), height (P = 0.32), surface area (P = 0.37) and specific surface area (P = 0.74). However, the absolute and height-adjusted sum of skinfolds, as well as the absolute and scaled peak aerobic power, still differed between those subgroups (all P < 0.01).
Indirectly derived heat production and evaporative heat-loss requirements
Given that the external work rate, metabolic heat production and the evaporative heat-loss requirements were fixed at equivalent, surface area-specific intensities for all subject groups (Table 1) , these data were similar across the five subject groups during both work intensities (all P > 0.05). As might be expected, external work differed significantly between the two matched subgroups during light work (P = 0.03). Moreover, when assessed in the mixed-sex group, those data were not significantly correlated with specific surface area (all P > 0.05). This meant that all subjects had the same relative heatloss requirement, despite differences in sex and wide variations in body size. To the best of our knowledge, this is the first investigation to achieve that outcome across a morphologically diverse sample of men and women. Dry-heat losses were also similar across the five subject groups during both work intensities (all P > 0.05). However, as the metabolic heat-production rate was fixed according to each individual's body surface area, the expression of either metabolic heat production or the evaporative heat-loss requirement in absolute terms revealed strong, negative relationships with the specific surface area within the mixed-sex sample during light (r = −0.67 and r = −0.48, respectively) and moderate work (r = −0.74 and r = −0.60, respectively; all P < 0.01).
Body temperatures
Essential to the aims of this research was the matching of both the heat-loss requirement and thermoafferent drive across all subject groups. With regard to the latter, the respective male and female resting deep-body, mean skin and mean body temperatures, when averaged across both trials, were 36.8 (±0.0) and 36.9°C (±0.1; P = 0.03), 33.2 (±0.1) and 32.9°C (±0.1; P < 0.01) and 36.1 (±0.0) and 36.1°C (±0.0; P = 0.64). When evaluated in matched individuals, none of those temperatures differed between groups (P = 0.11, P = 0.51 and P = 0.56, respectively).
During both light and moderate work, tissue temperatures were almost identical for all subject groups (Table 2 ; all P > 0.05) and exceeded air and radiant temperatures throughout all trials, permitting dry-heat transfer from the skin to the ambient medium. This satisfied a primary experimental design criterion. By design, therefore, the mean body temperature changes for men and women were matched during both light Most importantly, when assessed in the mixed-sex sample, deep-body, mean skin and mean body temperatures, as well as the mean body temperature change, were not significantly associated with the specific surface area during either trial (all P > 0.05). That outcome was aimed at ensuring equivalent and clamped thermoafferent flow across participants, although this critical design strategy has been infrequently applied.
Forearm blood flow and vascular conductance
When averaged across trials, resting forearm blood flow and vascular conductance differed significantly between the unmatched men [3.79 ml (100 ml)
(±0.15) and 0.04 ml (100 ml)
(±0.00)] and women [4.72 ml (100 ml)
(±0.27) and 0.06 ml (100 ml)
(±0.00); both P < 0.01]. However, those resting data were similar between the two matched subgroups [men, 3.78 ml (100 ml) −1 min −1 (±0.13) and 0.04 ml (100 ml)
(±0.00); women, 4.07 ml (100 ml) −1 min −1 (±0.44) and 0.05 ml (100 ml) −1 min −1 mmHg −1 (±0.00); P = 0.58 and P = 0.50, respectively].
During light and moderate work, both forearm blood flow and vascular conductance were significantly greater in the women (Table 2; all P < 0.05). Moreover, those data displayed strong, positive associations with specific surface area in both the men and women during light work ( Fig. 2; all P < 0.01). During moderate work, the relationships between specific surface area and forearm blood flow and vascular conductance did not approach significance in the men ( Fig. 2 ; P = 0.12 and P = 0.07, respectively), but were strongly correlated when the women only and mixed-sex groups were analysed (both P < 0.01). When the matched subgroups were examined, forearm blood flow and vascular conductance did not differ significantly between groups during either light (Table 2 ; P = 0.24 and P = 0.06, respectively) or moderate work (P = 0.84 and P = 0.76, respectively). Given that those groups were matched for size, that outcome is consistent with the possibility that sex differences in cutaneous vascular function were generally morphologically dependent. Subjects performed two trials (28°C, 36% relative humidity), each commencing with seated rest (20 min) and followed by either light (ß135 W m −2 ) or moderate exercise (ß200 W m −2 ; 45 min). Data are means ± SEM. Significant between-group differences are indicated by the symbols ( * P < 0.05). a Data from the male subjects have been reported elsewhere ).
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To separate size-from sex-dependency, hierarchical regression analysis was used. Variations in forearm blood flow and vascular conductance that could be independently explained by the design-controlled variables (model one), specific surface area (model two) or sex (model three) were sought (Table 3) . Model one significantly predicted forearm blood flow and vascular conductance during light work only (Table 3 ; P < 0.01 and P = 0.04, respectively). Model two provided significant vascular predictions during both work rates (Table 3; all P < 0.05). Indeed, the specific surface area alone could explain 40 and 48% of the individual variations within forearm blood flow and vascular conductance during light work (respectively; both P < 0.01), and 17 and 26% of those variations during moderate work (both P < 0.01). Model three was also a significant predictor of forearm blood flow and vascular conductance (Table 3; both P < 0.05) although sex did not significantly increase the explained variance during moderate work (Table 3 ; P = 0.61 and P = 0.61, respectively), and uniquely explained only 3 and 5% of the individual vascular variations during light work (P = 0.02 and P < 0.01, respectively). This outcome indicates that sex differences in cutaneous vascular function in these conditions are almost entirely morphologically related, but not sex dependent.
Whole-body and local sweat secretion
Absolute whole-body sweat rate during both light [men, 188 g h −1 (±9); women, 155 g h −1 (±5)] and moderate work [men, 513 g h −1 (±22); women, 352 g h −1
(±16)] differed significantly between men and women (P = 0.01 and P < 0.01, respectively), and shared strong, negative associations with specific surface area ( Fig. 3; all P < 0.01). Those outcomes were predictable because heat-production rates were a function of surface area, and that caused systematic increases in the absolute evaporative heat-loss requirement in larger individuals, which is a key determinant of whole-body sweating (Gagnon et al. 2013) . Nonetheless, when normalized to surface area, neither the evaporative heat-loss requirement nor the whole-body sweat rate was significantly related to specific surface area in either sex (all P > 0.05). Normalized whole-body sweat rates (see Methods) were also similar between the sexes during light work [men, 175 g h −1
(±8); women, 174 g h −1 (±4); P = 0.87], but differed significantly during moderate work [men, 470 g h −1
(±14); women, 404 g h −1 (±16); P < 0.01]. However, when the two matched subgroups were examined, neither the absolute nor the normalized whole-body sweat rates differed during either work rate (P > 0.05), with the respective normalized whole-body sweat rates for men and women averaging 171 (±9) and 172 g h −1 (±5) during light work, and 445 (±11) and 378 g h −1 (±14) during moderate work.
Local sweat rates were significantly higher in the men at the dorsal hand (P < 0.01), dorsal forearm (P < 0.01) and forehead (P = 0.03) during moderate work (Table 2) , but were similar between the sexes during light work (P = 0.13, P = 0.14 and P = 0.13, respectively). Differences at the upper back were not observed at either exercise intensity (P = 0.43 and P = 0.49, respectively). Also, with the exception of the back (both intensities) and the forearm during moderate work (all P > 0.05), local sweat rates shared moderate, negative relationships with specific surface area in the men and the mixed-sex group during light and moderate work ( Fig. 4; all P < 0.05). In the women, however, local sweat rates shared moderate, negative associations with this morphological ratio at the Model one included the mean body temperature change ( T b ), height-adjusted sum of skinfolds (ࢣskf) and peak oxygen consumption (V O 2 peak ), model two added specific surface area (A D /mass) to those three variables, and model three added sex to all four variables. Significant predictors of the vasomotor responses ( * ) and changes in the coefficient of determination (r 2 ) between models one and two ( † ) and between models two and three ( ‡ ) are indicated by the symbols (P < 0.05).
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dorsal hand and forehead during moderate work ( Fig. 4 ; P = 0.02 and P = 0.04, respectively), but did not correlate significantly with the specific surface area during light work (P = 0.09 and P = 0.95, respectively). It is important to note that sudomotor sensitivity at the dorsal hand, forearm and forehead also displayed positive associations with specific surface area. However, as the mean body temperature change was matched across subjects, that outcome was unsurprising. The four local sweat rates were also similar between the two matched subgroups during both work intensities (Table 2 ; all P > 0.05). That outcome indicates that, when compared among individuals having similar morphological characteristics, the apparent sex differences in both whole-body and local sudomotor responses are removed. When the three prediction models were evaluated in the mixed-sex sample with regard to sudomotor function, model one significantly predicted both whole-body sweat secretion and local sweat rate at the dorsal forearm during both work rates (Table 4 ; all P < 0.05). Model two also provided a significant prediction of whole-body sweating, as well as local secretion rates at the dorsal hand, dorsal forearm and forehead during both light and moderate work (all P < 0.01). Moreover, specific surface area alone explained 28 and 42% of the inter-individual variations in whole-body sweating during light and moderate work, respectively (both P < 0.01), and between 10 and 19% of the individual variations in local sweating (all P < 0.05). Model three was aimed at sex dependence, but the additional sudomotor-explained variance did not generally approach significance during either work rate (all P > 0.05), although sex differences could explain an additional 5% of the variance in dorsal hand sweating (P = 0.05). That outcome confirmed that, when individual variations in the design-controlled variables and the specific surface area were considered, sex per se had minimal influence on sudomotor activity.
Discussion
In the present study, cutaneous vasomotor and sudomotor responses were assessed during steady-state cycling in men and women spanning an extensive body-size range (Fig. 1A ). Subjects were investigated as independent and mixed-sex population samples, and then as subgroups of matched individuals (Table 1 ). All participants exercised at fixed, area-specific metabolic heat-production rates in a compensable environment. This unique approach ensured that the total heat-loss requirements and mean body temperature changes were matched and clamped across subjects (Fig. 1B) , thereby enabling both thermoeffectors to be evaluated in the presence of a presumably equivalent thermoafferent flow. Two novel outcomes emerged. Firstly, as hypothesized, men and women possessing a greater specific surface area for heat exchange preferentially recruited cutaneous vasodilatation to facilitate heat loss (Fig. 2) , whereas individuals with a lower specific surface area relied more heavily upon sweat-gland activation (Figs 3 and 4) . Indeed, those relationships accounted for between 10 and 48% of the inter-individual variations in thermoeffector activity (Table 3) . Secondly, after accounting for differences in specific surface area, sex explained no more than 5% of the variation in either of those responses (Tables 3 and 4) . Moreover, when subgroups of men and women with matched morphological characteristics were compared, neither the cutaneous vascular nor the sweating responses differed (Table 2) . Taken together, those outcomes confirmed that sex differences in the thermoeffector function of adults are, almost entirely, morphologically dependent. Nonetheless, although this is perhaps the first definitive demonstration of this outcome in conditions that elicited matched heat-loss requirements and mean body temperature changes, those observations pertain only to compensable . Data from the male subjects have been reported elsewhere ).
conditions involving mass-supported exercise, and they require verification in adolescents. Finally, given that heat loss per se was not evaluated, the effectiveness of those autonomic responses was not established.
Thermoeffector function in morphologically diverse men and women
On average, the female sample possessed a morphological configuration that was better suited to dry-heat losses (large specific surface area; Wyndham et al. 1964; Docherty et al. 1986; Rowland, 2008) . To take advantage of that potential, it was expected that the cutaneous vasomotor activity of smaller individuals, most of whom would be women, would be greater, whereas the larger participants would be forced to depend more heavily upon sudomotor function. That hypothesis was accepted, with morphologically typical females displaying greater forearm blood flow and vascular conductance at rest and during both work intensities (Table 2 ). In contrast, local and whole-body sweating were generally higher in the average man (Table 2) . Although one group has observed that themoeffector function was similar between morphologically typical men and women exercising with low, yet equal, heat-loss requirements (Gagnon & Kenny, 2012a) , the novel outcome from the present study indicates that the rate of local sweat secretion per unit area required to maintain heat balance appears to be greater in the average man. This may be because the average man possesses both a lower specific surface area for vasomotor-mediated dry-heat exchange, and a greater, lean-tissue dependent, volume of fluid with which to support sweating (Watson et al. 1980) , when compared with women of the same body mass. Although evaporation was not quantified, one might speculate that the average woman, but also smaller men, might be better suited to protracted work in warm, humid environments, where evaporation is limited, and to conditions in which sweat losses cannot be matched by fluid intake.
Morphological dependence of the thermoeffector responses
Given that passive heat flux is proportional to the specific surface area of any object, it was assumed that natural selection would favour vasomotor responses that were positively related to that characteristic and that would support dry-heat exchanges. That relationship was observed, with forearm blood flow and vascular conductance displaying a positive association with specific surface area during both work intensities in women and in the mixed-sex group, but also during light work in the men (Fig. 2) . Moreover, those relationships could independently explain 48% (light work) and 26% (moderate) of the individual variations in those responses (Table 3) . Despite increases in vasomotor function within these smaller individuals, the dry-heat losses derived using partitional calorimetry were surprisingly similar between groups when normalized to body surface area (Table 1) . That outcome may be explained by the imprecision of those derivations. Indeed, direct calorimetry may be required to detect individual differences in the autonomically mediated dry-heat losses. Conversely, sudomotor function was expected to display an association with specific surface area in both sexes, such that larger individuals would demonstrate a greater reliance on sweating. That prediction was also confirmed, with whole-body sweating in both sexes sharing strong, negative relationships with specific surface area at both work intensities (Fig. 3) , and with that relationship explaining up to 42% of individual variations (Table 4) . Nevertheless, when whole-body sweating was normalized to surface area, it did not display a morphological dependency, presumably because the area-specific evaporative heat-loss requirements were similar across all subjects (Table 2) . That outcome indicates that the associations between absolute, whole-body sweating and the specific surface area were largely explained by morphological variations in the absolute evaporative requirement, which is a determinant of whole-body sweating (Gagnon et al. 2013) .
Local sweating at three of the four locations measured during light and moderate work in the male and mixed-sex groups, and also in the female group during moderate work, were negatively related to the specific surface area (Fig. 4) . Furthermore, this morphological dependency could explain between 13 and 23% of the individual variance (Table 4) , confirming the second working hypothesis. Elsewhere, we have discussed phenotypic variations that may explain the remaining variability (Taylor, 2014; Notley et al. 2016) . Interestingly, however, . Data from the male subjects have been reported elsewhere . Model one included the mean body temperature change ( T b ), height-adjusted sum of skinfolds (ࢣskf) and peak oxygen consumption (V O 2 peak ), model two added specific surface area (A D /mass) to those three variables, and model three added sex to all four variables. a Owing to technical difficulties in some trials, local sweat rates were not determined in some women at the forearm (light, n = 1; moderate, n = 3), hand (light, n = 1; moderate, n = 3) and forehead (moderate, n = 4). Significant predictors of the sudomotor responses ( * ) and changes in the coefficient of determination (r 2 ) between models one and two ( † ) and between models two and three ( ‡ ) are indicated by the symbols (P < 0.05).
sweating at the upper back was not significantly correlated with specific surface area on any occasion. Therefore, sweat secretion from that site might be less reflective of whole-body sweating (Taylor & Machado-Moreira, 2013) , highlighting the potential limitations of research that relies on data collected from a single location when evaluating the relationship between morphology and sudomotor function.
Thermoeffector variance independently explained by sex
Thus far, these observations have reinforced those of a previous communication , but now with an additional 24 subjects. This was unsurprising, given that 60% of subjects came from that earlier study. However, when women were added to the subject pool (the mixed-sex group), those relationships persisted, displaying a sex-independent characteristic. It was anticipated that sex would not have a significant bearing on either cutaneous vasomotor or sudomotor activity, and that prediction was also realized, with sex explaining only 5% of the thermoeffector variance during both trials (Tables 3 and 4) . Furthermore, when those responses were assessed in subgroups of men and women with matched specific surface areas, neither the cutaneous vasomotor nor the sudomotor responses differed between those groups during either light or moderate work (Table 2) . Together, those outcomes confirmed the third hypothesis, demonstrating that sex differences in thermoeffector function can be explained, almost completely, by morphological variations during thermally compensable, mass-supported exercise. Although others have shown that sex differences in thermoeffector function are minimal after considering morphological differences across subjects (Havenith & van S. R. Notley and others Middendorp, 1990; Havenith et al. 1995; McLellan, 1998; Gagnon et al. 2009) , that research either assessed those effector responses during exercise conditions that created individual differences in the total heat-loss requirement, or did not involve individuals who spanned the wide range of body sizes required to fully elucidate that morphological dependency. The present study has confirmed and extended those observations by providing unequivocal evidence that, when assessed in a morphologically diverse sample during conditions eliciting matched heat-loss requirements and mean body temperature changes, those responses were not sex dependent, but morphologically dependent. Therefore, differences in body morphology are of primary importance to understanding inter-individual variations in both passive and autonomically driven heat exchanges in physically diverse, mixed-sex populations ; a fact that has been suggested previously (Havenith & van Middendorp, 1990; Havenith et al. 1995; McLellan, 1998; Gagnon et al. 2009) , and that has now been confirmed. Furthermore, it may follow that the thresholds for cutaneous vasodilatation and sweat activation are displaced to higher mean body temperatures within smaller individuals. Although not currently evaluated, that hypothesis appears consistent with the coexistence of superior passive heat loss , which might first delay cutaneous vasodilatation, with more effective vasomotor-mediated heat exchanges in those individuals perhaps delaying the need to initiate a sudomotor response.
To minimize the possible influence of oestrogen and progesterone fluctuations on thermoeffector function (Grucza et al. 1993; Stephenson & Kolka, 1993) , women were examined during their follicular or placebo phases of oral contraceptive use. Although that strategy was designed to minimize hormonal influences, it has recently been reported that thermoeffector function (Lei et al. 2017 ) and whole-body heat losses (Dervis et al. 2016) appear not to be influenced by hormonal cycling. Therefore, it is possible that differences in morphology might play a more powerful role in thermoeffector modulation than menstrual cycling during compensable exercise.
However, during more intense work in environments that promote dry-heat gain and challenge physiological compensation, it remains unclear whether sex-related differences in thermoeffector function would still be morphologically dependent. In such instances, the average woman (higher specific surface area) could no longer preferentially rely upon a cutaneous vasomotor mechanism for heat dissipation. Instead, all individuals would become more dependent upon evaporative cooling, and there is evidence that sex differences in sudomotor function in such conditions become heat-load dependent at metabolic heat-production rates exceeding 250 W m −2 (Gagnon & Kenny, 2012a) .
Conclusions
Sex has long been thought to influence thermoeffector function in the heat. Contrary to that perception, thermoeffector function was found to be sex independent during compensable exercise that elicited matched heat-loss requirements and body temperature changes. This is consistent with recent studies involving men and women with matched physical characteristics, although that research did not involve individuals spanning the body-size range required to unequivocally evaluate that morphological dependency. Taken together, it appears that men and women possessing a greater specific surface area are more dependent on the autonomically mediated, cutaneous vascular responses, and less dependent upon sweating. Indeed, sex differences in those thermoeffectors can be explained, almost entirely, by morphological variations. However, it remains uncertain whether or not those responses continue to be morphologically dependent during uncompensable heat stress. Given that effector recruitment occurs in the form of a cascade, then the transition from one effector to the next, possibly more physiologically costly, mechanism will be driven by the intensity of both the feedforward and feedback signals, and by the thermolytic effectiveness of each thermoeffector during its sequential activation.
